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Geostatystical approach to spatial,  multi-elemental dataset from an 1 
archaeological site in Vatnsfjörður, Iceland 2 
 3 
Łukasz Mikołajczyk and Karen Milek, University of Aberdeen. 4 
 5 
1. Introduction 6 
Understanding the spatial patterning of human activity is of crucial importance to the 7 
interpretation of any archaeological site. Not every site has a well-defined stratigraphy, or a 8 
material record, that can be used to grant insight into the nature of the activities that were 9 
undertaken, and how these were distributed. In such cases, geochemistry can provide a 10 
cheap and effective solution for characterising the use of archaeological space.  The core 11 
principle behind archaeological geochemistry is that human activity causes chemical 12 
distortion (enrichment or depletion) to the local substrate (Oonk et al. 2009, Middleton et 13 
al. 2010 with references ). This chemical signal can be used to ‘fingerprint’ the types of 14 
activities that were taking place. There are, however, limitations to the method linked to 15 
difficulties in differentiating the origin of the chemical signal (Oonk et al. 2009). For 16 
example, problems arise when attempting to identify multiple deposition episodes, through 17 
the possible influence of diagenetic processes in altering the chemical signal (Middleton et 18 
al. 2010), and as a consequence of the statistical methods used to process multivariate 19 
datasets (Entwistle et al. 2007; Dore and Lopez Varela 2010).  In this paper we highlight this 20 
problem and tackle it though the application of the methodological framework proposed by 21 
Dore and Lopez Varela (2010) with some modifications. Rather than using only a limited 22 
suite of soil-chemical measurements (i.e. phosphates, carbonates, pH, protein residues, and 23 
fatty acids), we adopt an approach in which a multi-elemental dataset is produced and 24 
analysed. In doing so we highlight the statistical procedures that we consider to be the most 25 
crucial for an informed interpretation of human activity at an archaeolgical site, using a farm 26 
in Iceland as our reference case. At this location, the interplay between human pressure and 27 
natural processes (e.g. relative sea level change) was considered important in influencing 28 
the pattern and character of activity, and therefore a method for establishing a wide range 29 
of elements was used (X-ray fluorescence).  In such a situation, not only is the 30 
anthropogenic signal able to be studied, but also the natural processes affecting the site can 31 
be taken into consideration (Linderholm and Lundberg 1994).  32 
Geochemical studies of coastal archaeological sites are not unusual (see Knudson 2004; Ilves 33 
and Darmark 2011 with references; Misarti et al. 2011). There are several studies of this 34 
type in Iceland; most have used phosphate (P) analysis (Bolender, 2003; 2006; Simpson et 35 
al., 2002; Mikolajczyk et al. 2015), and there is one multi-elemental study (Milek and 36 
Roberts 2013). This paper builds on previous research in this field through the application of 37 
archaeological geochemistry to the iron- and allophone-rich andosols that are specific to 38 
Iceland (Arnalds et al., 1995; Arnalds, 2004).   39 
 40 
2. Study area 41 
The farm of Vatnsfjörður is located in the Vatnsfjörður fjord, northwest Iceland, and has 42 
been continuously occupied from the 10th century AD to the present day. Written sources 43 
mention Vatnsfjörður as one of the original landnám farms that in the 12th and 13th 44 
centuries served as a Chieftain’s seat. It was also the location of a church reputed to be the 45 
second wealthiest on the island. The site kept its priviliged position until the end of 16th 46 
century. The site consists of three components (Fig. 1, left): the Viking-age settlement area, 47 
the Medieval to Early-Modern farm mound, and an extensive coastal zone (Milek 2011: 17-48 
22). The coastline in the Vatnsfjörður area is not stable. Glacio-isostatic crustal movement 49 
and glacio-eustatic sea-level rise are responsible for relative sea-level  (RSL) changes in the 50 
area. RSL was at least 1 m greater than at present during the  mid-Holocene, subsequently 51 
gradually falling to the present-day level (Norðdahl and Pétursson 2005; Lloyd and Dickens 52 
2011; Mikolajczyk et al. 2015).  53 
 54 
Fig. 1. The archaeological site of Vatnsfjörður: Left, aerial photography of the site. Visible are the Viking age, 55 
Medieval and Early-Modern settlements plus the coastal zone, studied excerpt and control sampling area. 56 
Right, enlarged studied section of the coastal zone. Visible, in red, are the extents of v-shaped (left) and u-57 
shaped (right) structures’ collapsed material; in blue, structural walls; in black, the location of sampling points. 58 
The archaeological coastal zone at Vatnsfjörður stretches  c. 1500 m along the shoreline and 59 
consists of three pronounced subzones, all of which still bear visible traces of intensive use 60 
in the past (Fig. 1). All three were targeted with small scale archaeological investigations 61 
(Mikołajczyk and Gardeła 2010: 48; Mooney et al. 2012: 49-50; Mooney 2013: 40-48, 62 
Mikołajczyk 2013) and phosphorous (P) transect mapping (Mikolajczyk et al. 2015). The 63 
most complex situation was encountered in Zone B where at least two, not necessarily 64 
chronologically-discrete phases of activity of unknown intensity merge in a relatively small 65 
area. Henceforth results were deemed insufficient to understand the character of human 66 
occupation in this area and for this reason extensive multi-elemental mapping of the area 67 
was employed, the results of which are presented in this paper. Zone B is located at the 68 
southernmost edge of Vatnsfjörður and is dominated by the ruin of a massive, 15 m long, U-69 
shaped building (Fig. 1B) (Mikołajczyk and Gardeła 2010: 48). It has been excavated 70 
(Mooney et al. 2012: 49-50, Mooney 2013: 40-48), but despite the detailed information on 71 
its construction method – the building is characterised by a very robust, 1.5 m thick, stone-72 
lined, turf wall – its function remains unknown. It yielded neither datable material nor any 73 
other finds, and its internal floor layer is very thin and non-diagnostic (Mikołajczyk 2013). 74 
The shape of the building is similar to boathouse constructions. Results of the P mapping 75 
(Mikołajczyk et al. 2015) revealed an unusual orientation, parallel to the modern shoreline, 76 
facing the embayment at times when sea level was higher. The aforementioned research 77 
managed to date the activity area in front of this structure to the late 15th century on the 78 
basis of its elevation relative to sea level at this that time; this agrees with the general ante 79 
quem date for human activity in the zone that is stratigraphically below the tephra from 80 
eruption of Hekla dated to AD 1693.  There are also three other ruins in the northern part of 81 
zone B, all of which are in a rather poor state of preservation (Fig. 1B). Two of them are c. 6 82 
m long, V-shaped, overlapping boathouse-like structures and the third is a small, 83 
rectangular, stone-lined structure with walls abutting a natural bedrock outcrop. The activity 84 
area immediately east of the V-shaped structures was dated to late 12th century.  The age of 85 
the rectangular structure is unknown. In the area to the west of the V-shaped structure, a 86 
slight depression in the terrain was noticed. A test trench placed there yielded some burnt 87 
seaweed fragments. 88 
3. Methods 89 
3.1. Sampling 90 
316 soil samples were taken from 0.2x0.2 m shovel test pits placed according to a 1x1 m grid 91 
fixed on cardinal directions. Grid points were recorded with the use of a Trimble DGPS unit, 92 
with 1 cm accuracy.  Special care was taken to sample soil strata recognised as 93 
corresponding to the archaeological structures. However, due to the thinness of the soil and 94 
the patchiness of the only chronological marker on the site (the H-1693 tephra layer), in 95 
some cases, samples had to be taken at an arbitrary depth of 0.05 m below the dense grass 96 
root mat (as that was the average depth of the H-1693 tephra when present).  Additionally, 97 
a control group of 20 soil samples was taken in an opportunistic manner from two 98 
neighbouring areas without any visible archaeological features (Middleton and Price 1996).  99 
3.2. Sample processing 100 
336 samples, each weighing c. 20 g (dry), were oven dried, gently pulverized and 101 
subsequently analyzed using an Olympus-Innov-X Delta Premium XRF scanner stocked with 102 
Au anode tube. The device was operated in a 3 beam ‘soil’ calibration mode and in a 103 
desktop setup allowing for convenient long exposure times. Prior to the main analysis, 104 
reference material (soil samples with known elemental ratios) was tested multiple times in 105 
order to select the exposure time that provided best repeatability. Samples were analyzed 106 
for S, K, Ca, Ti, V, Mn, Fe,  Cu, Zn, Br, Rb, Sr, Zr in the following set up: beam 1 -  40kV at 30s 107 
exposure time; Beam 2 – 40kV at 30s exposure time; Beam 3 – 15kV at 60s exposure time. 108 
All results are semi-quantitative. 109 
4. Analysis  110 
Due to the apparatus characteristics some  P readings (c. 5%) yielded relatively high 111 
detection errors. In order to account for this, problematic readings were corrected with a 112 
use of values sub-sampled from the interpolation curve created on the base of the 113 
remaining dataset. Readings for Ca, Mn, Fe and  Cu yielded few outliers that in order to 114 
maintain a more natural distribution of the data set were managed by winsorisation 115 
(Chambers et al. 2000). Before computation, the data were standardized to avoid scaling 116 
effects and to obtain average-centered distributions (Baxter 1995) 117 
4.1 Spatial analysis  118 
The spatial analysis was conducted using ArcGIS 10.2 (ESRI 2015) in a manner similar to that 119 
followed by Dore and Lopez Varela (2010). The readings at sampling points for separate 120 
elements were projected in a 2D space according to their x-y position on the site grid. 121 
Subsequently, respective surfaces were interpolated by ordinary kriging. When necessary, in 122 
order to account for potential directional influences, the second polynomial trend was 123 
removed and interpolation weights were adjusted for anisotropy, the aim being to obtain a 124 
model with the best cross-validation scores. Surfaces were subsequently turned into 125 
elemental raster layers with floating point pixel type in 32 bit color depth with pixel size of 126 
0.1 m. (Fig. 2).  The rasters were subjected to principal component analysis (Pearson 1901, 127 
Hotelling 1933). This procedure allows not only the ‘noise’ to be removed from the dataset, 128 
but it also eliminates redundancies caused by highly correlated variables (Table 1 ). With the 129 
use of the data fusion technique, this allows for efficient visual inspection of the spatial 130 
structure of variance (Craig et al. 2006; Devereux et al. 2008; Kvamme 2006, 2007; Richards 131 
and Jia 1999). The first three components that usually explain a gross part of variance were 132 
plotted as red, green and blue channels of a composite raster, presenting a multi-color 133 
representation of data spatial variability (Fig. 3.).  Correlation coefficients of elemental and 134 
component rasters were calculated indicating elemental loadings for particular components 135 
(Fig. 4 and Table 2). Subsequently, elemental rasters were subjected to unsupervised 136 
classification using an iterative self-organizing (ISO) clustering algorithm and a Maximum 137 
Likelihood Classification tool. Various numbers of determined classes were considered with 138 
the goal being to obtain a classification that is visually the most concordant with the 139 
principal component raster, and most meaningful with regards to the site’s spatial 140 
variability. Finally, a seven class output was chosen (Fig. 5) and all sampling points were 141 
grouped according to the class affiliation (Fig. 6). 142 
 143 
 144 
 145 
Elements Correlation 
coefficient 
Ti V 0.92 
Ca Sr 0.86 
K Zr 0.81 
Zn Sr 0.79 
Ca Zn 0.75 
Ca Br -0.74 
Ca Mn 0.71 
 146 
Table 1: List of the most highly correlated elements ( correlation coefficient >0.7).  147 
 148 
  149 
Fig. 2: An example of an interpolated elemental raster (for phosphorus) with values on the 150 
scale from low (green) to high (red).  151 
4.2 Computational analysis 152 
Further calculations were conducted on the raw data in using R software (R Core Team 153 
2014).  Class summary statistics were calculated and compared with the mean of on-site 154 
values.  Deviations from the mean on two levels (>0.5 s.d. and >1.0 s.d.) were recorded 155 
(Table 3). Together with the PCA matrix (Fig. 4), these serve as a base for class 156 
interpretation. 157 
 158 
4.2.1 PCA results  159 
 160 
Fig. 3: Spatial projection of the Principal Component Analysis (PCA) results. Right: spatial distribution of 161 
variance for separate components depicted in red, green and blue; positive loadings - lighter, negative 162 
loadings- darker.  Left: data fusion, tree components projected jointly with the outlines of buildings depicted in 163 
red. 164 
Components PC1 PC2 PC3 
P  0.55 -0.61  0.34 
S -0.46 -0.78  0.16 
K  0.45  0.16  0.78 
Ca  0.37  0.54 -0.07 
Ti  0.61 -0.38  0.32 
V  0.84 -0.34 -0.20 
Mn  0.84 -0.37 -0.06 
Fe  0.33 -0.84  0.03 
Cu  0.94  0.13 -0.03 
Zn  0.62  0.16  0.53 
Br -0.83  0.11  0.36 
Rb -0.15  0.17  0.79 
Sr  0.79  0.45  0.10 
Zr  0.75  0.37  0.09 
% of variance 53.22 18.59 10.31 
Accumulative % of variance 53.22 71.81    82.12 
Table 2: Results of the Principal Component Analysis showing components' loadings and the % of variance 165 
explained. 166 
Three principal components, chosen for analysis according to Guttman-Kaiser criteria 167 
(Guttman 1954; Kaiser 1960, 1970), accounted for 82.12 % of the total variance of the 168 
geochemical record (Table 2).  169 
The first principal component (PC1) accounts for 53.22 % of the explained variance with high 170 
positive correlation coefficients for Sr, Zr, V, Mn, Cu (>0.75 p=0.05), moderate positive 171 
correlation coefficients for P, Zn, and Ti (>0.55 p=0.05), and a high negative correlation 172 
coefficient for Br (0.83 p=0.05).  173 
The second principal component (PC2) accounts for 18.59% of the explained variance and is 174 
dominated by redox sensitive elements (S and Fe) with high negative correlation coefficients 175 
for (<-0.78, p=0.05), a moderately negative correlation coefficient for P (-0.61, p=0.05), and 176 
moderately positive correlation coefficient for Ca (0.54, p=0.05).  177 
The third principal component (PC3) accounts for 10.31 % of the explained variance and 178 
reflects high positive correlation coefficients for K and Rb (>0.78 p=0.05), and a moderately 179 
positive correlation coefficient for Zn (0.53 p=0.05). 180 
4.2.2. PCA interpretation 181 
PC1 182 
The positively correlated elements for PC1 seem to represent, at least in part, the general, 183 
local characteristics and the natural variability of elements across the site. This group 184 
includes some elements indicative of marine environments such as Sr, V, P (Turekian 1964; 185 
Blotcki et al. 1979; Franklin 2003; Schofield et al. 2010),  the origin of which might be sea 186 
spray or wave activity. Additionally, this component concentrates almost half of the 187 
variance for P, which in the case an archaeological site could suggest a contribution to this 188 
component from human activity (Holiday and Gartner 2007). A concomitant strong negative 189 
correlation for Br, a universal marine organic matter indicator (Mayer et al. 1981; Ziegler et 190 
al. 2008), complicates the interpretation.  It is quite possible that the P content is a 191 
terrestrial anthropogenic component reworked by the marine environment (e.g. wave 192 
activity) and the influx of Br was due to the sea spray vector (Shotyk et al. 2003), but such a 193 
discordance between two organic matter indicators is suspicious and might indicate that the 194 
original elemental ratios were heavily distorted by diagenesis. Positive contributions of Cu, 195 
Zr, and Zn can possibly be linked with atmospheric anthropogenic pollution (Küttner et al. 196 
2014) as a consequence of metalworking , with pollutants presumably transported and 197 
deposited by tidal and wave activity. Spatially, the PC1 raster high positive readings are 198 
concentrated over the central spot between the two structures, in the coastal area and 199 
especially in the strip on the bank of the stream channel (Fig. 3). It seems that the positive 200 
readings are somewhat related to the presence and dynamics of water. Negative readings 201 
distinguish the area west to the V-shaped structure and area on the side of the U-shaped 202 
structure. These zones interpreted as showing very little marine influence. 203 
 204 
Fig. 4: Results of the Principal Component Analysis: the correlation matrix. 205 
PC2 206 
The second principal component seems to represent the biogenic contribution and is most 207 
likely to have captured any localized anthropogenic enrichment with high negative loadings 208 
from S and Fe sharing part of the P variance with PC1. This set of elements can be associated 209 
with habitation (Lutz 1951; Aston et al. 1998; Wilson 2009), the deposition of organic matter 210 
(Brady and Weil 1999, Milek and Roberts 2013; Supplement data table 3), and burning or 211 
ash deposition (Evans and Tylecote 1967; Willson et al. 2007; Milek and Roberts 2013; 212 
Supplement data table 4). The spatial pattern of the negative readings is somewhat similar 213 
to PC1, being concentrated in a area between the structures, and also on the side and 214 
directly in front of the U-shaped building.  215 
PC3 216 
The third principal component demonstrates high positive loadings for lithogenic elements 217 
(K, Rb, Zn ) and most likely captures the results of sedimentation on site (Shotyk 1988; 2003) 218 
and presumably some disturbance through anthropogenic activities. The spatial patterning 219 
distinguishes separate zones of high positive loading between the two structures balanced 220 
by opposite readings west of the V-shaped structure and on the bank of the stream. 221 
Most of the elements discussed here are often present in tephra (Jagan 2010; Hayward 222 
2011). There is a tephra layer – Hekla 1693 – present in patches in the Vatnsfjörður area and 223 
it is worth to keeping in mind that even though special care was taken to sample below it, 224 
there is a possibility that due to the disturbances in stratigraphical column some of the 225 
samples might have been contaminated with ash.  226 
4.3 Cluster analysis 227 
4.3.1 Clustering 228 
The composite raster consisting of three component rasters bands representing red, green 229 
and blue channels illustrates the variability of the site’s elemental composition based on the 230 
PCA results. Even though there are patterns emerging that clearly separate some areas from 231 
others (e.g. the west of the V-shaped structure is distinct from the area inbetween the two 232 
structures), the boundaries remain fuzzy.  Thus, in order to efficiently divide the area of 233 
study into discrete zones, and to obtain elemental summary statistics, clustering on 234 
elemental rasters was performed (see Methodology section for details). Finally, a seven 235 
class division was chosen as the one best representing the zonation (Fig. 5). A dendrogram 236 
(Fig. 6) shows relative differences between the classes with notable affinity for classes 1, 2 237 
and 3. Additionally, distribution of those three classes is not limited to a single location as it 238 
is characteristic for the remaining 4 classes; they are present in lcoations in the center of the 239 
sampled area. No other close grouping of classes is visible and subsequent the classes that 240 
have been distinguished are increasingly different.  Additionally, they tend to describe 241 
discrete areas on the margins of sampled area.  242 
 243 
4.3.2 Class chemical composition 244 
 245 
Fig. 5: Spatial distribution of the classes described in the text (the results of the Principal Component Analysis 246 
data fusion are also depicted for comparison in lower left corner of the diagram). 247 
 248 
 249 
Fig. 6. Class dendrogram 250 
Mean values of elemental readings for each class were compared with the site mean (Table 251 
3) in order to understand the key differences between classes. Additionally, class mean 252 
values were compared with control sample means, although the first approach was 253 
favoured as a method for characterizing classes as certain doubts arose with regards to 254 
control samples being sterile from anthropogenic impact.  Enrichment and depletion were 255 
specified as moderate when they differed from the mean by more than 0.5 σ and less than 256 
1.0 σ, and strong when they differed from the mean by more than 1.0 σ. 257 
Full consideration was given to obtaining the most reliable control groups, but the 258 
elemental readings that were produced are rather ususual  (see values for C1 and C2 in 259 
Table 3). As there is uncertainty with regards to control group sterility, the interpretation 260 
presented below is based on the class comparison versus the site mean. Control values are 261 
presented for inspection only.  262 
 263 
vs. Site P S K Ca Ti V Mn Fe Cu Zn Br Rb Sr Zr 
1 v v v ^ ^ ^ v ^ v v vv v v ^ 
2 v ^^ v vv v v v ^ v vv ^^ v vv v 
3 ^^^ ^^ ^ ^ ^ ^ ^^ ^^^ v ^ v v v v 
4 v vv v ^^ ^^^ ^^^ ^ ^ ^ ^^ vvv vv ^^ ^ 
5 ^ vv ^ ^^ ^ ^ ^ v ^ ^ v ^ ^^ ^ 
6 vv v vv vv vvv vvv vv vvv ^ v ^^ v v vv 
7 vv v ^^ vvv vv vv vv vv v v ^^^ ^^^ vvv ^^ 
C1 vv v v v ^^ ^^ v vv v vv ^ ^ ^^ ^ 
C2 v ^ vvv ^^^ ^^^ ^^^ ^^ ^ ^^^ ^^^ vv vvv ^^^ v 
 264 
Table 3: Class elemental means (rows 1-7 , with two control groups, C1 and C2) in relation to the overall site 265 
mean.  Scale runs from from strongly depleted  ('vvv' in dark green) to strongly enriched ('^^^' in dark red). 266 
Signature description:   x ̅- σ/2  ≤ 'v' < x;̅  x ̅- σ < 'vv' < x ̅- σ/2;  'vvv' ≤  x ̅- σ;  x ̅+ σ/2 ≥ '^' > x̅; x ̅+ σ > '^^' > x ̅+ σ/2 267 
; '^^^' ≥  x ̅+ σ. 268 
The readings of P are to be treated with caution as there are reported cases of difficulties in 269 
obtaining phosphorous readings from Icelandic soils (Bolender, 2003: 42; 2006: 126; 270 
Simpson et al. 2002: 433; Mikolajczyk et al. 2015: 3). In this case, an indication that the P 271 
readings might in some way be biased is seen in the behaviour of P when measured against 272 
Br. Bromine is usually regarded as a reliable indicator of marine organic matter in a coastal 273 
environment (Mayer et al. 1981, Ziegler et al. 2008), and its behaviour should, to some 274 
degree, mimic that of P (another organic matter indicator; Olsen et al. 2015). In this case, Br 275 
is very poorly correlated with P (-0.29, p=0.05) which, in turn, is very poorly correlated with 276 
other elements usually identified as indicative of organic material (e.g. S and Sr).  277 
Conversely, the correlation with Fe is good, and it is likely that P-associated activity had little 278 
to do with accumulation of organic matter and may be linked with, for example, burning or 279 
iron-rich peat. Alternatively, Fe might indicate metalworking. It is also possible that 280 
concentrations of P were heavily distorted by post-depositional processes. Despite doubts 281 
over the precise interpretation of the P results, and because P readings appear naturally 282 
distributed, the decision was made not to exclude P from analysis as there is no clear reason 283 
to undermine the results from a methodological standpoint. The P distribution is therefore 284 
thought to reflect phenomena (not necesarly anthropogenic) that are also a part of site’s 285 
history. 286 
 287 
4.3.3. Class interpretation 288 
Interpretation is based on class chemical composition as well as on their relationship to 289 
features across the site, both natural and anthropogenic (Table 4). Insofar as the class 290 
spatial distribution had a robust statistical base, the interpretation presented below is to be 291 
treated as rather speculative. There are cases where, for separate classes, similar 292 
enrichment patterns have been interpreted differently based solely on the class location 293 
within site. The background aim behind information presented in this chapter is an attempt 294 
discuss the site's historical development, devoid of any ambition to claim the undisputable. 295 
Class 1 represents the center of the site mean. It shows a moderate depletion in Br. The 296 
indistinct character of this class suggests that it might reflect the middle ground or transition 297 
between activity zones and undisturbed terrain, or possibly a heavily-used footpath or track 298 
(Manzanilla and Barba 1990).  299 
Class 2 shows moderate enrichment in S, Br and moderate depletion in Ca, Zn, and Sr when 300 
compared against the site mean. It represents a biogenic group of elements that is likely to 301 
be an effect of human impact. Enrichment in S and Br might indicate activities related to sea 302 
water or the use of marine equipment (Burton and Price 1990; Chagué-Goff and Fyfe 1996; 303 
Leri et al. 2010). Depletion in elements common in plant matter (Ramirez et al. 2002) might 304 
be a result of intensive wear of the grass matt and/or again indicate a heavily frequented 305 
route (Fernandez et al. 2002).  306 
Class 3 shows strong enrichment in P and Fe as well as moderate enrichment in S and Mn. 307 
This class most likely represents the effect of intensive anthropogenic activity. The most 308 
significant characteristic of this cluster is elevated P values, presumably arising from the 309 
deposition of organic waste (Schlezinger and Howes 2000; Holiday and Gartner 2007), or 310 
(together with Fe) deposited as a result of the burning of organic matter (Willson et al. 311 
2007), presumably Fe-rich turf. Elevated S and Mn might suggest increased microbial activity 312 
and the accumulation of decomposing organic matter (Milek and Roberts 2013; Supplement 313 
data table 3). 314 
Class 4 shows strong enrichment in Ti and  V, moderate enrichment in Sr, Zn and Ca, strong 315 
depletion in Br, and moderate depletion in S and Rb. Both Ti and V are mobilised during the 316 
silicate weathering process and are abundant in the deposition zones of watercourses 317 
(Shiller and Mao 2000)   Sr, Zn and Ca are most likely to be linked with plant organic matter 318 
accumulation (Ramirez-Lozano et al. 2002). Br, S and Rb are often considered to be 319 
elements representative of the marine domain (Bolter et al. 1964;  Riley and Tongudai 1966; 320 
Shibagaki et al. 2008; Leri et al. 2010 ). Their absence from a marine-influenced environment 321 
might indicate this signature has been eroded by the stream. 322 
Class 5 shows moderate depletion in S, and moderate enrichment in Ca and Sr.  Due to the 323 
sample locations, on the coastline, enrichment of thes elements is most probably reflective 324 
of a marine signature (Broecker 1970; Minoura et al. 1994; de Villiers 1999) imprinted 325 
during the prolonged process of shoreline retreat. Depletion in S is, in this case, a rather 326 
unexpected result (Casagrande et al. 1977; Chagué-Goff 2010).  327 
Class 6 shows moderate enrichment in Br, strong depletion in V, Ti, and Fe, and moderate 328 
depletion in P, K, Ca, Mn and Zr. Enrichment in Br is most likely due to sea spray (Chen et al. 329 
1997; Shotyk et al. 2003). General depletion in both the lithogenic and organic elements 330 
may indicate a sheltered (and unused) area,  or anthropogenic alteration possibly linked 331 
with the appearance of a depression in the ground. Recent peat cutting might explain the 332 
presence of the basin, but its influence on soil geochemistry cannot be established. 333 
Class 7 shows strong enrichment in Br and Rb and moderate enrichment in K and Zr. It also 334 
displays strong depletion in Ca and Sr, and moderate depletion in P, Ti, V, Mn and Fe.  This 335 
class shares some similarities with Class 6 and can be interpreted as an area of low-intensity 336 
activity. Its enrichment in lithogenic elements could indicate inorganic sedimentation. 337 
 338 
5. Zone interpretation and chronology in relation to RSL change-induced coastline shift   339 
Isochrones marking significant activity episodes identified by Mikolajczyk et al. (2015) have 340 
been projected onto the map of identified activity zones for ths ite (Fig. 7). The matching of 341 
isochrones and activity zone edges was surprisingly good except for the area in the vicinity 342 
of the dry stream bed. An attempt has been made to present a spatio-chronological model 343 
of past coastal activity for this locaiton. In the event of falling RSL, an isochrone-based 344 
method can succesfuly define the timing of onset of human activity. Establishing its 345 
cessation is far more problematic due to the possible superimposition of chemical 346 
signatures from different processes. Nevertheless,  we can speculate about the date for the 347 
end of human and create a narrative of the development history for the site.     348 
  349 
Figure 7: left: dashed lines -  relative sea level isochrones linked with site activity episodes identified by 350 
Mikolajczyk et al. (2015); letters a-l - discrete activity zones. Right- suggested coastal activity development with 351 
blue polygon indicating the U-shaped structure. Shading represents missing data. Approximate dates are given 352 
in years BC. 353 
 354 
It seems that in late 12th century, ‘d’ was the first zone active on the coast and it is quite 355 
possible that its presence was linked with the V-shaped structure.  The zone’s location and 356 
its chemical character point towards it having been an area of general labour and traffic 357 
used for equipment and goods transportation. 358 
In the late 15th century, zones ‘e’,’f’, ‘g’, ‘h’, and ‘i’ became active, probably as a 359 
consequence of falling sea level and the emergence of the U-shaped structure. Zone ‘e’ (and 360 
possibly zones of ‘g’ and ‘h’) reveal chemical signatures that suggest the deposition of 361 
organic waste material and possibly metal working. Zone ‘e’  probably overlapped with ‘d’ 362 
forming a funnel between two structures that might indicate the presence of a pathway 363 
between them. Zones ‘g’ and ‘h’ were probably connected though this relationship may be 364 
obscured by the collapse of the buildings. Zone ‘i’  carries a similar chemical fingerprint to ‘d’ 365 
and consequently may be interpreted in the same way (see above).  366 
Zone ‘f’ is determined as having been a liminal area between activity zones and site ridges  367 
were the anthropogenic chemical signal was weaker and dispersed. 368 
 In the following period the emergence of zone ‘l’ started in the coastal area and it land it 369 
was used up until modern times. The unified chemical signature of this zone following the 370 
continuously receding coastline since the 15th century suggests that the character of this 371 
zone did not change over time. It is most likely to have been unoccupied and subject only to 372 
natural effects arising from its proximity to the marine environment.  373 
Zone ‘k’ was probably an extension of ‘i’ and it seems to have been active until the 17th 374 
century. It’s chemical characteristics suggests similarity with zone ‘f’, a peripheral area of 375 
activity with a diluted signal.  376 
Zone ‘j’ does not match the sea level isochrones and its extent is most likely linked with the 377 
dynamics of the stream. Its emergence might have started together with the earliest activity 378 
recorded on site, and its development was most likely interrupted in the 17th century due 379 
to the disappearance of the stream.  380 
In terms of chronology,  location in relation to structures might generally  indicate an earlier 381 
date for ‘a’ and ‘b’  and a later date for ‘c’.  Despite being close to the shoreline, zone ‘a’ 382 
scores negatively in the marine-influenced principal component (PC1). This may indicate  383 
anthropogenic alteration with peat cutting seeming the most reasonable possibility. 384 
Zone ‘b’ has a chemical signature indicating inorganic sedimentation and it correlates with 385 
the area that appeared different during sampling as the sediment seemed to be mixed with 386 
structural collapse. It is therefore possible that the area’s original signature was mixed with 387 
the leveled material from the nearby building.  388 
Zone ‘c’ carries a signature similar to the ones interpreted as general working areas. It is 389 
likely that it formed a work space linked with the U-shaped structure. Unfortunately this 390 
zone lies on the edge of sampled area and the full extent of this unit cannot be traced. 391 
Zone Class Class interpretation elevated 
elements  
depleted 
elements 
chemical signature 
dating  
a 6 sheltered area, peat cutting Br V, Ti, Fe P, K, 
Ca, Mn, Zr 
n/a 
b 7 mixed,  structure collapse Br, Rb, K, Zr Ca, Sr,  P, Ti, 
V, Mn, Fe  
n/a 
c 1 edge of activity zone n/a Br n/a 
d 2 general labour, traffic S, Br  Ca, Zn, Sr ante 1193 
e 3 o.m. deposition, burning, 
metalworking 
 P, Fe, S,   Mn  n/a 1193 
f 1 edge of activity zone n/a Br 1193 - (1478) 
g 3 o.m. deposition, burning, 
metalworking 
P, Fe, S,   Mn  n/a 1193 - (1478) 
h 3 o.m. deposition, burning, 
metalworking 
P, Fe, S,   Mn  n/a 1193 - (1478) 
i 2 general labour, traffic S, Br Ca, Zn, Sr 1193 - (1478) 
j 4 stream  bed, natural Ti, V, Sr, Zn and 
Ca 
Br, S, Rb n/a 
k 1 edge of activiti zone n/a Br 1478 – (1659) 
l 5 shoreline, natural Ca, Sr S,  1478 - 2013  
Table 4. Zone characteristics; class affiliation, functional interpretation, chemical properties and relative sea 392 
level-based dating (in brackets are the presumed activity cessation dates). 393 
6. Conclusions 394 
This study has proven successful in applying a multi-elemental dataset to characterise the 395 
use of archaeological space on the coast at Vatnsfjörður. The approach can be viewed as an 396 
alternative to standard excavation with modest test-pit sampling.  The method gives insight 397 
into the key factors that shaped local geochemistry and has allowed informed distinctions to 398 
be made between anthropogenic pressure and natural processes. We have speculated 399 
about the functional use of space across the site and the site’s chronology through its 400 
relationship to RSL-induced coastal shift. There is plenty of room to further develop the 401 
method to incorporate proxies beyond the geochemical suite of elements presented here 402 
(e.g. through assessment of biomolecules like proteins, lipids or carbohydrates). This may 403 
provide further information about  particular  activities performed on the site. 404 
 405 
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